The highly conserved aspartyl-, asparaginyl-, and lysyl-tRNA synthetases compose one subclass of aminoacyl-tRNA synthetases, called IIb. The three enzymes possess an OB-folded extension at their N terminus. The function of this extension is to specifically recognize the anticodon triplet of the tRNA. Three-dimensional models of bacterial aspartyl-and lysyl-tRNA synthetases complexed to tRNA indicate that a rigid scaffold of amino acid residues along the five ␤-strands of the OBfold accommodates the base U at the center of the anticodon. The binding of the adjacent anticodon bases occurs through interactions with a flexible loop joining strands 4 and 5 (L 45 ). As a result, a switching of the specificity of lysyl-tRNA synthetase from tRNA Lys (anticodon UUU) toward tRNA Asp (GUC) could be attempted by transplanting the small loop L 45 of aspartyl-tRNA synthetase inside lysyl-tRNA synthetase. Upon this transplantation, lysyl-tRNA synthetase loses its capacity to aminoacylate tRNA Lys . In exchange, the chimeric enzyme acquires the capacity to charge tRNA Asp with lysine. Upon giving the tRNA Asp substrate the discriminator base of tRNA Lys , the specificity shift is improved. The change of specificity was also established in vivo. Indeed, the transplanted lysyl-tRNA synthetase succeeds in suppressing a missense Lys 3 Asp mutation inserted into the ␤-lactamase gene. These results functionally establish that sequence variation in a small peptide region of subclass IIb aminoacyl-tRNA synthetases contributes to specification of nucleic acid recognition. Because this peptide element is not part of the core catalytic structure, it may have evolved independently of the active sites of these synthetases.
In protein biosynthesis, aminoacyl-tRNA synthetases (aaRS) 1 establish physical relations between each amino acid and the corresponding tRNAs. Therefore, the accuracy of this family of enzymes is crucial to guarantee the fidelity of translation of mRNA. To ensure a correct matching between substrates, each synthetase recognizes a small number of nucleotide positions inside its cognate tRNA(s). These positions are also called the identity elements of tRNAs. The major identity elements in all Escherichia coli aminoacylation systems have now been identified (reviewed in Ref. 1) . In most cases (17 of 20) , the anticodon sequence itself behaves as a major identity element. Additional identity elements are frequently found in the acceptor stem. They often include the so-called discriminator base 73 (2) .
From primary sequence and structural analyses, a partition of the 20 synthetases into two classes has been proposed (3, 4) . In the first class, the catalytic domain adopts a nucleotide binding fold (Rossmann fold). In class II synthetases, the enzyme center is built around an antiparallel ␤-sheet. Additional domains, the three-dimensional structures of which are highly variable, contribute to the specificity and the strength of cognate tRNA binding to each synthetase. Among these domains, some are believed to have been added late in evolution, when the contemporary tRNA structure arose. Indeed, modern tRNA structure may be viewed as two domains with distinct functions (5) . One domain is formed by stacking of the T⌿C stem onto the acceptor helix, whereas the other results from the stacking of the anticodon stem onto the D stem. The first domain is a substrate for aminoacylation with the different amino acids. The second domain is necessary to pair with the mRNA template in translation. It is currently proposed that primitive aminoacylation systems were based on the first domain. The anticodon-containing domain would have been added later. In response to the increase in the size of the tRNA molecule, new domains would have been added to the early synthetase. With the help of such domains, the evolving synthetases gained the capacity to dock the anticodon of the tRNA far from the activated amino acid and, therefore, to diversify tRNA specificity around a catalytic core structure.
In each class of synthetases, subclasses can be defined on the basis of homologies between domains. The highly conserved aspartyl-, asparaginyl-, and lysyl-tRNA synthetases (AspRS, AsnRS, and LysRS) compose one such subclass called IIb. In the three synthetase:tRNA systems, the anticodon, and the discriminator base are identity elements (6 -15) . In the aspartate system, identity elements also include base C38 and, less importantly, base pairs G10 -C25 and G2-C71 (Fig. 1A) . The three members of subclass IIb possess an appended N-terminal domain involved in the recognition of the three anticodon bases of tRNA. This domain has an OB-folded conformation. Such a fold is characterized by a five-stranded Greek key ␤-barrel capped by an ␣-helix between the third and the fourth strand. It is an attribute of various nucleic acid-binding proteins (16) but is also found in several oligosaccharide binding proteins, in pyrophosphatase, in inhibitors of metalloproteinases, and in histidine kinases (17) .
In the aspartate, asparagine, and lysine systems, the central base of the anticodon is always a U. Structural studies of AspRSs from Saccharomyces cerevisiae, E. coli, and Thermus thermophilus and of LysRSs from T. thermophilus and E. coli have shown that this base interacts with a rigid scaffold of amino acid residues presented by the ␤-strands of the OB-fold (18 -24) . The three residues sustaining this scaffold are conserved in almost all known AsnRS, AspRS, and LysRS sequences. They are as follows: an arginine between strands 1 and 2, a phenylalanine on strand 2, and a glutamine on strand 3. Most of the other residues in contact with the anticodon triplet are clustered in a loop (L 45 ) joining strands 4 and 5 in the ␤-barrel. In the E. coli and T. thermophilus LysRS systems, L 45 includes residues 130 -136 and 113-119, respectively (Fig.  1B) . In E. coli LysRS, Thr-131 is involved in the recognition of the anticodon base U35 of tRNA Lys , whereas Thr-133 and Glu-135 interact with U36. The main chain amide of Lys-132 interacts with U34. In the L 45 loop of yeast AspRS, the hydroxyl group of Ser-181, the main chain carbonyl of Pro-178 and the main chain amide of Lys-180 are hydrogen-bonded with C36. Regarding E. coli and T. thermophilus AspRSs, L 45 includes residues 77-92 and 77-90, respectively. C36 of tRNA Asp is recognized by the side chains of an arginine and of an asparagine (Arg-78 and Asn-84 in the E. coli system) and by a main chain carbonyl (Asn-82 in E. coli) (Fig. 1B) . Queosine-34 interacts with the side chain of an Arg residue (Arg-76 in E. coli) (23, 24) .
Crystallographic data were obtained with the Asp system. They indicated that the first residue of strand 5 also contributed to the recognition of the anticodon bases (18, 23, 24) . In all known AspRS and AsnRS sequences, this residue is a Glu. In the solved AspRS-tRNA three-dimensional structures, the Glu (22) . In the lysine system, the main chain amide of Lys-132 interacts with the unprotonated N3 group of mnm 5 s 2 U34. In the aspartate system, the main chain carbonyl group of Asn-82 interacts with C36. All other hydrogen bonds involve amino acid side chains.
is hydrogen-bonded with base 34 (queosine in prokaryotic tRNA Asp and tRNA Asn , guanosine in eukaryotic tRNA Asp and tRNA Asn ). In almost all LysRS systems, the equivalent amino acid residue in strand 5 is a serine or a threonine (Ser-137 in E. coli LysRS). However, according to the results of several structural studies, this serine or threonine residue is involved in the binding of base U35 in tRNA Lys and not in that of base 34 (21, 22) .
From all the above data, a general picture of tRNA anticodon recognition by subclass IIb synthetases can be drawn, with the binding of bases 34 and 36 mainly achieved by residues belonging to the L 45 loop. To establish the functional contribution of this region to the fidelity of tRNA recognition, we transplanted the L 45 loop of E. coli AspRS inside the E. coli LysRS sequence and measured the ensuing change of specificity. The two residues flanking the loop were also transplanted because of the documented interaction of the Glu-93 residue in strand 5 of AspRS with base 34 in tRNA Asp . Our results indicate that, upon the transplantation, LysRS loses its capacity to aminoacylate tRNA Lys . In exchange, the chimeric enzyme acquires the capacity to charge tRNA Asp with lysine. Upon giving the tRNA Asp substrate the discriminator base of tRNA Lys , the specificity shift could be improved. The change of specificity was also probed in vivo by monitoring the capacity of the transplanted LysRS to suppress a missense Lys 3 Asp mutation inserted into the ␤-lactamase bla gene. These experiments establish that, at a precise location within the appended Nterminal domain of subclass IIb aminoacyl-tRNA synthetases, a small segment is a critical determinant of tRNA anticodon recognition.
MATERIALS AND METHODS
Bacteria and Plasmids-The following E. coli K12 derivatives were used in this study: JM101TR (⌬(lac-pro) supE thi recA56 srl-300::Tn10 (FЈ traD36 proAB lacI q lacZ⌬M15)) (25) and PAL⌬S⌬UTR (F Ϫ ⌬(lacpro) gyrA rpoB metB argE(Am) ara supF ⌬lysS::kan ⌬lysU srl-300::Tn10 recA56 (pMAK705 lysU)) (26) . Plasmid pLysSH, harboring the wild-type E. coli lysS gene, was obtained by inserting the 1-kbp PstI-HindII fragment from M13PhlysS (26) into the corresponding sites of plasmid pC1 (26) . Plasmid pBluescript KSϩ was from Stratagene, and plasmid pQE70 was from Qiagen.
To construct a pBluescript derivative harboring lysS and a kanamycin resistance gene, an ϳ2-kbp DNA fragment was amplified by PCR from plasmid pBluescript KSϩ, using oligonucleotides GCGAGATCTC-CTTTTTGATAATCTCATGA and GCCAGATCTTAAATTGTAAACGT-TAATAT. This fragment included a BglII site at each end, the replication origin of the plasmid, the replication origin of M13, and the polylinker region. It was deprived of the ampicillin resistance gene. The amplified fragment was further digested by BglII and ligated to the 1265-bp BamHI-BamHI kanamycin resistance cassette derived from pUC4K (27) , to give pBSkan. Then a DNA fragment containing the 635-bp KpnI-BssHII fragment from pLysSH and the 1.2-kbp BssHIISpeI fragment from pXLysKS1 (28) Mutagenesis of the ␤-Lactamase gene-The bla gene was amplified by PCR from plasmid pBluescript using oligonucleotides GCGGGATCCT-GCAGAATCAGGTGGCACTTTTCGG and GCCAAGCTTCTGCA-GATCTTCACCTAGATCCTTTT. The first PCR primer hybridizes 133 nucleotides upstream to the N-terminal sequence of bla. It also contains BamHI and PstI recognition sequences at its 5Ј-end. The second primer corresponds to the C-terminal sequence of bla followed by HindIII and PstI recognition sequences. The amplified fragment (1070 bp) was digested by BamHI and HindIII and inserted between the corresponding sites of the vector M13mp19. Then site-directed mutagenesis was applied to change the lysine 73 codon of bla into an aspartate codon (31) . Finally, the resulting gene was inserted between the BamHI and HindIII sites of pACYC184 (32) to give pACYblamut.
Mutagenesis of the lysS Gene-In order to substitute the L 45 loop of LysS by that of AspRS, a HindIII and a SacI restriction sites were created inside the lysS gene of plasmid pLysSH by changing the CTG codon of Leu-128 and the TTG codon of Leu-143 into synonymous CTT and CTC codons, respectively. The resulting plasmid, pLysSH⌬, still produced wild-type LysS. Subsequently, a set of 4 self-paired oligonucleotides allowed the assembly of the DNA sequence encoding residues 76 -93 of E. coli AspRS (Arg-Ala-Arg-Asp-Glu-Lys-Asn-Ile-Asn-ArgAsp-Met-Ala-Thr-Gly-Glu-Ile-Glu), flanked ahead by the HindIII recognition sequence, and followed by (i) a short DNA sequence corresponding to 5 amino acids from LysS (Ile-His-Cys-Thr-Glu) and (ii) the SacI recognition sequence. The DNA sequence eventually obtained was inserted between the HindIII and SacI sites of pLysSH⌬, to give plasmid pBAsp. Plasmid pBSkanBAsp was obtained by inserting the 3.8-kbp KpnI-XbaI fragment from pBAsp into the corresponding sites of pBSkan.
Fusion of LysU with a Polyhistidine Tag-With the aim of facilitating the separation of the mutant LysRS from wild-type LysRS, an E. coli strain was constructed in which the only source of LysRS activity was provided by a LysU protein (28) fused with a His 6 tag at its C terminus. For this purpose, the entire lysU gene plus 159 nucleotides upstream, flanked by SphI and BamHI restriction sites, was amplified by PCR and inserted between the SphI and BglII sites of pQE70. Then, the XhoIHindIII fragment of the resulting plasmid (pQE70LysUtag) was inserted between the SalI and HindIII sites of pACYC184 to give pACYLysUtag. This plasmid was used to transform PAL⌬S⌬UTR cells at 42°C. It was verified that pMAKlysU was eliminated at this temperature and that transformants had kept plasmid pACYLysUtag.
Purification of Aminoacyl-tRNA Synthetases-The mutant LysRSBAsp enzyme was purified from PAL⌬S⌬UTR cells harboring both pACYLysUtag and pBAsp plasmids (Fig. 2 ). Cells were grown overnight at 37°C in 500 ml of 2ϫ TY medium containing ampicillin (100 g/ml). The culture was harvested by centrifugation at 10,000 ϫ g for 20 min, and the resulting pellet was resuspended in 30 ml of 50 mM phosphate buffer (pH 8.0) containing 0.3 M NaCl, 10 mM 2-mercaptoethanol (buffer A), and 1 mM phenylmethylsulfonyl fluoride. All steps of the purification were performed at 4°C. Cells were disrupted by sonication for 6 min. Removal of nucleic acids by streptomycin sulfate precipitation and concentration of the proteins by ammonium sulfate precipitation were performed as described previously (33) . The protein pellet (160 mg) was dissolved in buffer A and dialyzed overnight against the same buffer. The dialyzed sample (26 ml) was loaded onto a Ni-NTA-agarose column (1.2 ϫ 5.5 cm) equilibrated in buffer A. After a 30-ml wash with buffer A (15 ml/h), elution was carried out using a linear gradient from 0 to 20 mM imidazole in buffer A (80 ml, 4 ml/h). The fractions displaying lysine-dependent ATP-PP i exchange activity (9 ml) were pooled. After concentration by ammonium sulfate precipitation (80% saturation), and dialysis against buffer A, the protein sample (19 mg in 12 ml) was submitted to a second identical Ni-NTA-agarose chromatography. Finally, 11 mg of protein were recovered in 11 ml. As judged from SDS-PAGE analysis, LysRS BAsp was at least 95% pure. Measurement of the activity of Lys-tRNA Lys production with the LysRS BAsp sample (Table I ) excludes contamination by wild-type LysRS over 0.05‰.
Wild-type LysS protein and AspRS encoded by plasmids pXLysKS1 (28) and pBluescript(Ϫ)KSaspS (34), respectively, were purified as described previously (26, 30) . All the purified enzymes were stored at Ϫ20°C in a 20 mM Tris-HCl buffer (pH 7.8) containing 10 mM 2-mercaptoethanol, 0.1 mM EDTA, and 60% glycerol.
Aminoacyl-tRNA Synthetase Activity Measurements-Prior to activity measurements, solutions of aminoacyl-tRNA synthetases were diluted in a 20 mM Tris-HCl buffer (pH 7.8) containing 10 mM 2 mercaptoethanol, 0.1 mM EDTA, and 200 g/ml of bovine serum albumin (from Roche Applied Science).
Initial rates of lysine-dependent isotopic ATP-PP i exchange were measured for 5 min at 28°C in a reaction mixture (100 l) containing 20 mM Tris-HCl (pH 7.8), 2 mM ATP, 7 mM MgCl 2 , 0.1 mM EDTA, 2 mM lysine, and 2 mM [ After quenching of the reaction, 32 P-labeled ATP was adsorbed on charcoal, filtered, and counted as described (35) .
Initial rates of tRNA aminoacylation were measured for 5 min at 28°C, in a reaction mixture (100 l) containing 20 mM Tris-HCl (pH , the rates of aminoacylation were very slow, and enzyme concentration in the assays had to be increased up to the micromolar range to detect time-dependent product formation. In such cases, to be allowed to derive apparent
Lys fixed at 6 M) or 2-8 M AspRS (tRNA Lys fixed at 9 M). We also verified that product formation was directly proportional to the total tRNA concentration in the assay. In these experiments, tRNA was varied from 3 to 9 M at a given enzyme concentration (1 M LysS, 1 M LysRS Basp , or 2 M AspRS). We concluded that the following conditions,
, were fulfilled, and we derived apparent k cat /K m values in each case (37) .
Aminoacylation reactions were always initiated by the addition of the catalyst and quenched by the addition of 2.5 ml of cold trichloroacetic acid (5%, w/w). Precipitated tRNA was filtered and counted for incorporated 14 C or 3 H as described previously (38 (14 or 16 residues) . In E. coli AspRS, the sequence of the loop is 77 ARDEKNINRDMATGEI 92 . In order to assess the importance of the L 45 loop in the specificity of tRNA recognition within subclass IIb, we introduced the loop of E. coli AspRS in place of that of LysS. The flanking Phe-129 and Ser-137 residues of LysRS were also changed into the residues found in E. coli AspRS, an Arg and a Glu, respectively. The resulting mutant LysRS was then assayed for its capacity to complement or not the absence of wild-type LysRS activity in an E. coli strain. For this purpose, the mutant LysRS (LysRS BAsp ) was expressed from a pBluescript derivative (pBAsp) into a strain (PAL⌬S⌬UTR) in which the chromosomal copies of lysS and lysU genes are both disrupted. Viability of this strain can be ensured by a wild-type lysU gene carried on the replication-thermosensitive plasmid pMAKlysU. Cells transformed with pBAsp were not able to grow after the chase of plasmid pMAKlysU at 42°C. Therefore, we concluded that the mutant LysRS did not sustain the growth of an E. coli cell.
To purify the LysRS BAsp species, we expressed it in cells containing a LysU-His 6 tag fusion. The LysRS BAsp and the tagged LysU were obtained from pBAsp and from a pACYC184 derivative, respectively (Fig. 2) . In a first step, the pACYC184 derivative was used to transform strain PAL⌬S⌬UTR containing pMAKlysU. Because the transformation was carried out at 42°C, the pMAKlysU plasmid was chased and replaced by the pACY184 derivative. In the resulting strain, the tagged LysU protein is the sole source of LysRS activity. The cells were further transformed with pBAsp, and purification of the mutant LysRS BAsp protein was undertaken. As expected, the tagged LysU protein was adsorbed on a Ni-NTA-agarose column in the absence of imidazole. LysRS BAsp was also slightly retained on this chromatographic support. Consequently, at this step, LysRS BAsp could be made free of many cellular proteins that eluted through the column. Eventually, LysRS BAsp was recovered from the column at 15 mM imidazole, whereas LysU-His 6 activity eluted at 250 mM imidazole. A second chromatography on the Ni-NTA-agarose column further improved the purity of the mutant LysRS BAsp .
Nearly homogeneous LysRS BAsp showed lysine-dependent ATP-PP i exchange activity equal to that of wild-type LysS. On the other hand, the tRNA Lys aminoacylation activity of the mutant enzyme was at least 20,000-fold lower than that of wild-type LysRS (Table I) . By taking into account a possible contamination of the LysRS BAsp sample by traces of the tagged LysU species, we may conclude that the tRNA Lys charging capacity of the mutant enzyme is smaller than that of wild-type LysRS by a factor of 20,000 at least. This conclusion is in good agreement with the incapacity of LysRS BAsp to complement for the absence of functional LysRS in the PAL⌬S⌬UTR cell.
Interestingly, purified LysRS BAsp displayed the capacity to incorporate lysine into E. coli tRNA Asp with a catalytic efficiency equal to 3.6 ϫ 10 Ϫ3 M Ϫ1 ⅐s Ϫ1 (Table I) Basp . Two plasmids were introduced into the strain PAL⌬S⌬UTR. In this strain, the two chromosomal LysRS genes (lysS and lysU) are disrupted. Plasmid pACYLysUtag harboring a chloramphenicol resistance gene ensured the production of a functional LysRS species with a C-terminal His 6 tag. Plasmid pBAsp harboring a kanamycin resistance gene produced the LysRS BAsp enzyme. LysRS BAsp could be efficiently separated from the tagged LysRS by affinity chromatography on a Ni-NTA column.
an A instead of a G at position 73. As already observed (6), the G73 3 A73 modification strongly reduced the catalytic efficiency of AspRS in the aspartylation of its cognate tRNA (Table  I) (Table I) . Introduction in tRNA
Asp of an A73 therefore appears to contribute to the efficiency of the transfer of lysine. It also reinforces the stability of the Michaelian complex.
Finally, we assessed the capacity of LysRS BAsp to suppress a missense Lys 3 Asp mutation in vivo. In this experiment, the Lys-73 codon in the ␤-lactamase bla gene was changed into an aspartate one. Plasmid pACYblamut carrying the mutated gene was used to transform JM101TR cells. The transformed cells yielded ampicillin-sensitive clones, in agreement with the critical role of Lys-73 in the activity of ␤-lactamase (40) . The cells were further transformed by either a plasmid expressing LysRS BAsp (pBSkanBAsp), a plasmid expressing wild-type LysRS (pBSkanLysS), or the control plasmid (pBSkan). With pBSkanBAsp, the clones grew in the presence of 10 -25 g of ampicillin per ml. The clones transformed with either pBSkanLysS or pBSkan did not grow (Fig. 3) . Expression of LysRS BAsp is therefore capable of suppressing the missense Lys 3 Asp mutation in the bla gene.
DISCUSSION
In the past 10 years, many efforts have been devoted to functionally dissect the motifs in tRNA that govern recognition by the cognate synthetases (1) . By taking advantage of the three-dimensional structures of several aaRS-tRNA complexes, these identity motifs were detailed, and the re-engineering of the specificities of several tRNA molecules could be undertaken successfully. Polynucleotidic mimics recapitulating the tRNA identity elements could also be designed. Although several aaRS residues involved in the tRNA-binding sites were recognizable in the enzyme-tRNA complexes, attempts to re-program the specificity of an aaRS by protein engineering have remained rare however.
In the present study, a mutant of LysRS has been designed with the aim to give it the capacity to charge tRNA Asp Lys . This comparison suggests that the first step in the recognition process between LysRS BAsp and tRNA Asp (i.e. the binding of the anticodon domain to the N-terminal domain of the synthetase) can be achieved. It is likely that, despite a correct docking of the tRNA Asp anticodon, the 3Ј-end of the polynucleotide remains improperly positioned to accept lysine from lysyl-adenylate. In agreement with this view, substitution of the discriminator base of tRNA Asp for that of tRNA Lys (G73 3 A73) improves by 2-fold the k cat value of LysRS BAsp in the aminoacylation of tRNA Asp . At this stage, a 40-fold factor remains to be found to reach a catalytic efficiency of the same order of magnitude as that measured with LysRS in the presence of tRNA Lys . Such a factor is accounted for by a relatively small variation of activation energy (ϳ2.4 kcal/mol). It may reflect counterproductive contacts between the enzyme and the non-cognate tRNA Asp molecule or the lack in tRNA Asp A73 of some tRNA Lys features contributing to productive presentation of the 3Ј-end inside the active center of the enzyme. Obviously, solution of the full structure of a LysRS-tRNA Lys complex will help to shed light on this question. Until now, only the anticodon of the tRNA molecule was well ordered in the available three-dimensional structures of LysRS-tRNA Lys complexes (21) . In the case of AspRS, the interaction with tRNA Asp has been described in detail (18, 24, 36, 41, 42) . Based on several crystal structures, a dynamic view of tRNA binding and aminoacylation was proposed (24, 42) . The system can be seen as a zipper. At the beginning of the process, the anticodon binds to the N-terminal OB-folded domain. Then the binding extends to the hinge domain of tRNA and to the acceptor stem, with, eventually, the docking of the 3Ј-terminal adenosine inside the active site. Mutagenesis studies indicate that the main binding energy results from the interaction between the anticodon and the N-terminal domain (43) . Nevertheless, interactions with the hinge domain and the acceptor arm are crucial for the correct positioning of A76 in the active site. The structure of a complex containing E. coli AspRS and yeast tRNA Asp illustrates this picture (36) Asp has been solved. Surprisingly, no more base-specific interactions are seen between the double-stranded part of the tRNA acceptor stem and the enzyme (36) . The conformation of the acceptor stem rather than its base composition seems important therefore for a productive positioning of A76.
The present study establishes the crucial role of the amino acid composition of L 45 in the recognition of a tRNA anticodon by an aminoacyl-tRNA synthetase belonging to subclass IIb. The L 45 loop is involved in the recognition by various OB-folded proteins of their nucleic acid substrates (44) . For instance, L 45 in bacterial ribosomal protein S17 stitches together helices H7 and H11 in the 16 S RNA molecule (45) . In the bacterial transcript terminator Rho, L 45 accounts for the preference of Rho toward cytosine-rich RNAs (46, 47) . The L 45 loop of the gene V protein from filamentous phage was proposed to participate in the binding of nucleic acids (48) . In the dimeric gene V protein, each of the two putative DNA binding domains are thought to result from the OB-folded ␤-barrel in one subunit and loop L 45 in the other subunit. All these examples and our present work suggest that, in the OB-folded family of nucleic acid-binding proteins, variations in the composition of loop L 45 can easily adapt protein function and specificity in evolution. Indeed, the ␤-barrel fold offers an ideal base for varying loop L 45 both in size and sequence (49) .
Alignment of the available LysRS amino acid sequences shows that the compositions and lengths of the L 45 loops are highly conserved. The consensus sequence for this loop plus the two flanking residues is XX(S/T)XXGE⌽(S/T), where ⌽ designates a hydrophobic residue and X any amino acid (Fig. 4, A  and B) . The most notable exceptions are found in several Archaea, spirochetes, and ␣-proteobacteria, where a very different LysRS belonging to class I aminoacyl-tRNA synthetase occurs (50, 51) . Although class I LysRSs also recognize the anticodon bases of tRNA Lys (52, 53) , an OB-folded domain could not be observed in the three-dimensional structure of these enzymes (54) .
In AspRSs also, the L 45 loops are highly conserved. Three consensus patterns are found, depending on the origin of the AspRS: XXRX 3-5 NX 4 (T,S)GX⌽E in bacteria, X 4 KAXXG⌽E in Archaea, and X 8 SXTX 4 E in eukaryotes. In the Thermus/Deinococcus group, two AspRSs with either bacterial or archaeal features coexist (55, 56) .
Regarding AsnRS, it must first be recalled that many bacterial and archaeal genomes do not encode any recognizable AsnRS. In such cases, asparaginylation of tRNA Asn is obtained through misaminoacylation of tRNA Asn by AspRS, followed by transamidation of the mischarged aspartate by a specific enzyme (57) . Among the available AsnRS sequences, three types of L 45 loops can be identified: X 3 PXGKX 6 E in eukaryotes; XX(D/E)XR(A/S)X 2 G⌽E in Archaea, in the Thermus/Deinococcus group, in the spirochete Leptospira interrogans, and in some low-GC Gram-positive bacteria; and finally, XX(S/ T)X 4 QX⌽E in the remaining bacteria.
If an AsnRS is lacking in the cell, AspRS must be supposed to accommodate both the anticodons of a tRNA Asp and of a tRNA Asn . In contrast, upon the presence of an AsnRS, AspRS must distinguish between these two tRNAs. Consequently, discriminatory or non-discriminatory AspRSs are encountered in bacteria and Archaea (58, 59) . The functional role of L 45 in tRNA Asn discrimination by a given AspRS could be recently evidenced by a loop-exchange experiment between a donor non-discriminating enzyme from T. thermophilus and an acceptor discriminating enzyme from Thermococcus/Pyrococcus kodakaraensis (60) . Upon the loop exchange, the discriminating enzyme is changed into a non-discriminating one. The donor enzyme is of an archaeal-like type. Similarly to most non-discriminating archaeal enzymes, the donor enzyme displays a proline at the 6th position in its L 45 loop (Fig. 4) . In the discriminating archaeal AspRSs, a lysine is systematically found at this position. Therefore, the degree of stiffness of the L 45 loop can be suspected to contribute to discrimination or non-discrimination against tRNA
Asn by a given AspRS (60) . In favor of this idea, the only substitution by a proline of the above lysine in the L 45 sequence of T. kodakaraensis AspRS contributes to give this enzyme the capacity to charge tRNA Asn (61) . In bacteria, the L 45 loops of non-discriminating AspRSs also often display Pro residues (60) . In the aligned sequences of Fig. 4A , these prolines are mostly encountered at positions 9 and/or 12. However, the presence or absence of prolines in the L 45 sequence of an AspRS does not strictly correlate with the occurrence or the lack of an AsnRS in a given bacterium (Fig. 4A) . Clearly, in such cases, AspRSs must benefit from additional information to accept or reject tRNA Asn . From Fig. 4A , we note, for instance, that the lengths of the loops in the bacterial AspRSs are either 14 or 16 residues. A short loop in an AspRS systematically accompanies the presence of an AsnRS.
The present work shows that, in subclass IIb aminoacyltRNA synthetases, recognition of the anticodon is controlled by a small idiosyncratic peptide element located far from the core catalytic structure. In class I aminoacyl-tRNA synthetases, the site of binding of the tRNA anticodon is also located in a domain appended to the core enzyme. This domain is attached at the C-side of the active center. Reprogramming of the identity of class I synthetases has been attempted. Successful variations in the stringency of anticodon recognition specificity could be obtained upon changing amino acids in the anticodon binding domain of the two closely related methionyl-and isoleucyl-tRNA synthetases (62) (63) (64) (65) . Therefore, whatever the class to which they belong, the modern synthetases have acquired appended domains to ensure anticodon recognition. Such a multidomain organization may have provided an efficient way to adjust specificity toward tRNA during evolution while keeping intact the catalytic function of these enzymes.
